ABSTRACT CRISPR-Cas system provides the adaptive immunity against invading genetic elements in prokaryotes. Recently, we demonstrated that Csa3a regulator mediates spacer acquisition in Sulfolobus islandicus by activating the expression of Type I-A adaptation cas genes. However, links between the activation of spacer adaptation and CRISPR transcription/processing, and the requirement for DNA repair genes during spacer acquisition remained poorly understood. Here, we demonstrated that de novo spacer acquisition required Csa1, Cas1, Cas2 and Cas4 proteins of the Sulfolobus Type I-A system. Disruption of genes implicated in crRNA maturation or DNA interference led to a significant accumulation of acquired spacers, mainly derived from host genomic DNA. Transcriptome and proteome analyses showed that Csa3a activated expression of adaptation cas genes, CRISPR RNAs, and DNA repair genes, including herA helicase, nurA nuclease and DNA polymerase II genes. Importantly, Csa3a specifically bound the promoters of the above DNA repair genes, suggesting that they were directly activated by Csa3a for adaptation. The Csa3a regulator also specifically bound to the leader sequence to activate CRISPR transcription in vivo. Our data indicated that the Csa3a regulator couples transcriptional activation of the CRISPR-Cas system and DNA repair genes for spacer adaptation and efficient interference of invading genetic elements.
INTRODUCTION
CRISPR-Cas constitutes the prokaryotic immune system that defends Bacteria and Archaea against invasive plasmids and viruses (1, 2) . The CRISPR loci comprise identical repeats (typically 20-50 base pairs in length), interspaced by variable spacer sequences of similar sizes that are derived from invading genetic elements (3) . An AT-rich leader sequence is located upstream of the first repeat and promotes transcription of the CRISPR locus (4, 5) . The cas genes encode diverse families of proteins with RNA-binding, nuclease, and/or helicase activities (6, 7) . To date, CRISPR-Cas systems have been classified into at least 6 basic types (Types I through VI), which are further divided into subtypes (8) . Most Cas proteins have highly divergent sequences. Nevertheless, the Cas proteins implicated in spacer acquisition, i.e. Cas1 and Cas2, are relatively conserved across the major types of CRISPR-Cas systems (2) .
CRISPR-Cas adaptive immunity occurs in 3 stages: acquisition of de novo spacers, crRNA biogenesis, and nucleic acid targeting and cleavage (9, 10) . While crRNA biogenesis and nucleic acid interference have been well characterized for the main types of CRISPR-Cas systems (11, 12) , the molecular mechanisms involved in spacer acquisition are less well understood. The first successful demonstration of spacer acquisition under laboratory conditions was for the Streptococcus thermophilus Type II-A system (1) . Data from subsequent studies have revealed that spacer acquisition occurs for several other types of CRISPR-Cas systems, including Escherichia coli Type I-E (13-15), Pseudomonas aeruginosa Type I-F (16) , Sulfolobus solfataricus and Sulfolobus islandicus Type I-A (17) (18) (19) , Haloarcula hispanica Type I-B (20, 21) and Pectobacterium atrosepticum Type I-F (22) . A de novo spacer acquisition assay showed that Cas1 and Cas2 of E. coli Type I-E are required for the insertion of new spacers in the host CRISPR locus (14, 20, 23, 24) . Furthermore, degradation of DNA into short fragments by CRISPR nucleases via a pre-existing spacer matching the target DNA is capable of triggering primed spacer acquisition by several different CRISPR-Cas systems (20, 22, 23, 25, 26) . DNA motifs in invasive genetic elements, or in CRISPR loci, also play crucial roles in the spacer-acquisition process. A DNA element known as the protospacer-adjacent motif was found to direct spacer acquisition in E. coli, H. hispanica, S. solfataricus P2 and S. islandicus REY15A (14, 15, 17, 19, 21) , and the leaderrepeat junction was important for acquisition (14, 27) . Recently, it was found that CRISPR spacer acquisition requires genome-stability proteins (28, 29) , as well as transand cis-acting factors that maintain integration specificity (30, 31) .
CRISPR-Cas systems have been shown to be regulated at the transcriptional level. In E. coli K12, the heat-stable, nucleoid-structuring protein (H-NS) is involved in silencing CRISPR-Cas promoters and thereby repressing CRISPRbased immunity (32) , and H-NS-mediated repression can be relieved by LeuO, a LysR-type transcription factor (33) and by BaeR, an envelope stress-activated regulator (34) . Moreover, by competing with the activator LeuO, CRP repressed the Type I-E CRISPR-Cas system in E. coli (33, 35) . Furthermore, the same factor can serve different functions. For example, CRP activates the transcription of the Type I-F CRISPR-Cas system in P. atrosepticum (36) . In a hyperthermophilic archaeon, a dedicated regulator known as Csa3b was found to bind the promoter region of CRISPRinterference cassette genes and facilitated binding of the CRISPR-associated complex for antiviral defence (Cascade) to the promoter region to repress Type I-A cas gene expression in Sulfolobus (37) .
Previously, we found that the Sulfolobus Type I-A CRISPR activator Csa3a binds to the promoters of adaptation genes in vitro and in vivo; moreover, overexpression of Csa3a activated expression of the adaptation Cas proteins, thereby triggering de novo spacer acquisition (19) . In this study, we demonstrated that the Csa3a regulator activated expression of adaptation cas and DNA repair genes for the spacer-acquisition process and significantly enhanced cr-RNA biogenesis for efficient targeting of memorized genetic elements.
MATERIALS AND METHODS

Strains, growth, and transformation of Sulfolobus
Sulfolobus islandicus strains, including the genetic host E233S ( pyrEF lacS) (38) and cas3, cas3HD, csa5, cas5, cas6 and cas7 mutants constructed previously (39) , were cultured in SCVy medium at 78
• C. Sulfolobus islandicus cells were transformed by electroporation, and transformants were selected on two-layer phytal gel plates, as described previously (38) . Six strains were generated, including the E233S wild-type (wt) strain carrying the empty pSeSD plasmid (wt::p), the wt strain carrying the csa3a-overexpression plasmid pCsa3a (wt::csa3a), a cas1-deletion mutant ( cas1) constructed with E233S, cas1 carrying the empty pSeSD plasmid ( cas1::p) and pCsa3a ( cas1::csa3a), a triple mutant strain with all CRISPRinterference activities inactivated (lacking cas3, cmr2α and cmr2β), and the triple mutant carrying the empty pSeSD ( cas3cmr2αcmr2β::p) plasmid and pCsa3a plasmid ( cas3cmr2αcmr2β::csa3a). These Sulfolobus strains were grown in SCVy medium (40, 41) , and growth curves were obtained by measuring their optical densities at 600 nm (OD 600 ). Escherichia coli DH5␣ cells used for DNA cloning were cultured at 37
• C in Luria-Bertani medium, and ampicillin was added to the culture at a final concentration of 100 g/ml, where required.
Construction of plasmids and gene-deletion mutant strains
The gene-deletion method recently developed for S. islandicus REY15A (42) was employed to delete the cas1 (SiRe 0761), cas2 (SiRe 0762) and cas4 (SiRe 0763) genes, and to prepare the cas3/cmr2α/cmr2β (SiRe 0769/SiRe 0894/SiRe 0598) triple deletion mutant. The left sequence arm (L-arm), right sequence arm (Rarm), and target gene arm (G-arm) were amplified from S. islandicus REY15A genomic DNA using the primer sets listed in Supplementary Table S1 . The marker cassette sequence carrying the pyrEF and lacS genes was amplified from the S. islandicus-E. coli shuttle vector pHZ2lacS (38) using the primers M-F-BamHI and M-R-SalI. All fragments were subsequently cloned into vector pUC19 to generate the cas1, cas2, cas4 and cas3/cmr2α/cmr2β gene-deletion plasmids. Selection of deletion mutants using these plasmids was performed as described previously (42) .
The csa1 (SiRe 0760) deletion mutant was generated using the endogenous CRISPR-Cas-aided homologous recombination recently developed for Sulfolobus (43) . In general, the csa1 gene locus was targeted by the CRISPR interference module with artificial spacers matching these sequences, which were generated from the pSeSD overexpression plasmid carrying the mini-CRISPR cassette with target gene-specific protospacers inserted into the repeat sequences (43) . Subsequently, csa1 was deleted by enhanced homologous recombination using two homologous arms upstream and downstream of these genes, which were cloned into the same shuttle vector.
Total RNA extraction
Strains for transcriptome analysis were cultured to log phase (OD 600 = 0.3), after which 1 ml of culture of each strain was transferred to 100 ml fresh SCVy medium in 250-ml flasks. Then, total RNA was isolated using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) from exponentially growing Sulfolobus cultures (OD 600 = 0.3) in SCVy medium for moderate induction of the csa3a gene under control of the araS promoter, as described previously (19) . Genomic DNA in the total RNA sample was removed using DNase I (Roche, Basel, Switzerland). The quality and quantity of purified total RNA were determined by measuring the absorbance at 260 and 280 nm, using a NanoDrop ND-1000 spectrophotometer (Labtech, Wilmington, MA, USA). Total RNA integrity was verified by electrophoresis on a 1.5% agarose gel.
Transcriptome analysis
A total of 3 g RNA per sample was used as input material for cDNA library preparations. Sequencing libraries were generated using the NEBNext Ultra™ RNA Library Prep Kit for Illumina (NEB, USA) following the manufacturer's recommendations, and index codes were added to assign sequences to each sample. First-strand cDNA synthesis was performed using random hexamer primers and M-MuLV Reverse Transcriptase (RNase H − ). Secondstrand cDNA synthesis was subsequently performed using DNA polymerase I and RNase H, which was followed by 15 cycles of PCR enrichment. Sequencing was performed with an Illumina HiSeq2000 instrument. The raw data were initially processed to obtain clean reads by removing the adapter sequences and low-quality bases. The clean reads were aligned to the reference genome sequence of S. islandicus REY15A (GenBank Accession No. NC 017276). An index of the reference genome was built using Bowtie software v2.0.6, and paired-end clean reads were aligned to the reference genome using TopHat software v2.0.9. HTSeq software v0.6.1 was used to count the number of reads mapped to each gene, following which the reads per kilobase per million mapped reads (RPKM) for each gene was calculated based on the length of the gene and the number of reads mapped to the gene. Each strain was sequenced in duplicate. To investigate the expression level of each gene in different groups, transcript expression levels were expressed as the RPKM. P-values were used to identify differentially expressed genes (DEGs) between two groups using the chisquared test (2 × 2), and the significance threshold of the P-value in multiple tests was set based on the false discovery rate (FDR). Fold-changes (log 2 [RPKM1/RPKM2]) were also estimated according to the normalized gene-expression levels. P-values <0.01 and log 2 fold-change ≥ 1 (FDR ≤ 0.05) were set as the threshold for DEGs. The transcriptome data were deposited in the GEO database under Accession no. GSE99099.
Proteomics analysis
Proteomics analysis by iTRAQ quantification was conducted as reported previously (44) . For each sample, 10 mg of cells (OD 600 = 0.3) were centrifuged and washed in phosphate buffer (pH 7.2), and immediately frozen in liquid nitrogen. After sonication and centrifugation, supernatants were obtained and precipitated in ice-cold acetone (1:4, v/v) at -20
• C overnight, and stored at -80
• C prior to sample clean up, if not used immediately. For digestion, protein pellets from the previous step were resuspended in digestion buffer (100 mM triethylammonium bicarbonate and 0.05% [w/v] sodium dodecyl sulfate to a final concentration of 1 mg/ml; total protein concentrations were measured by performing bicinchoninic acid assays [Sigma, St. Louis, MO, USA]). Equal quantities (500 g) of each lysate were then digested overnight with trypsin at 37
• C (Sigma; 1:40 trypsin [w/w] added at 0 and 2 h) and lyophilized. iTRAQ analysis was conducted at BGI Co., Ltd (Beijing, China). Protein identification and quantification were performed using Mascot software, version 2.3.02 (Matrix Science, London, United Kingdom). For iTRAQ quantification, the peptide for quantification was automatically selected with an algorithm used to calculate the reporter peak area, error factor, and P value (using the default parameters of the Mascot Software package). The resulting data sets were automatically bias-corrected to remove any variations imparted because of unequal mixing during combining different labelled samples. The ratio between the csa3a-overexpressing and control strains was obtained directly based on the protein abundance for any given protein. Proteins with a ≥1.2-fold change between the csa3a-overexpressing and control strains, and P < 0.05 were defined as being differentially expressed.
Electrophoretic mobility-shift assay (EMSA) experiments
EMSA probes were generated by PCR or annealing using oligonucleotides with 1 primer biotin-labelled or HEXlabelled at the 5 end (Supplementary Table S1 ). Subsequently, the probes were purified from 6% native polyacrylamide gel electrophoresis (PAGE) gels. EMSA binding reactions (10 l) containing 10 ng/L of 5 biotin-labeled probes or 5 HEX-labelled probes, and different concentrations of Csa3a, were incubated for 20 min at 40
• C in binding buffer (20 mM Tris-HCl, pH 8.0, 50 mM KCl, 5% glycerol, 1 mM ethylenediaminetetraacetic acid [EDTA], 1 mM dithiothreitol, and 5 ng/l poly[dI-dC]). For specific competition reactions, increasing amounts of unlabelled specific competitor DNA (cold probe) were added to the reaction mixture. After the reaction, samples were loaded onto a 6% or 4% native PAGE gel buffered with 0.5× Tris-borate-EDTA (TBE) solution. DNA-protein complexes were separated at 200 V for 30 min, and the resulting fluorescence was detected with a FUJIFILM scanner (FLA-5100). In experiments using biotin-labelled probes, DNA-protein complexes were separated under the same conditions in native PAGE gels and transferred to a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA, USA) using the SemiDry Electrophoretic Transfer Cell system (Bio-Rad, Hercules, CA, USA), and the bands were visualized by chemiluminescence detection using the clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA) and MF-Chemibis 3.2 imaging device (DNR; Jerusalem, Israel).
PCR amplification of the leader-proximal CRISPR regions
Sulfolobus islandicus E233S and the cas-deletion strains harboring an empty expression vector or the csa3a-overexpression plasmids were cultured in 10 ml of SCVy medium at 78
• C until the OD 600 reached 0.3. Samples of each culture (0.1 ml) were taken, and total DNA from these cells was used as a PCR template. The leader-proximal regions of two CRISPR loci were amplified by PCR using Taq polymerase, the forward primer CRISPR-F, and the reverse primer CRISPR2S5-R for locus 2; the forward primer CRISPR-F and reverse primer CRISPR1S5-R for locus 1. PCR products were separated on a 1.5% agarose gel and visualized by ethidium bromide staining. PCR products from cas6::csa3a and cas3 cmr2α cmr2β::csa3a were purified using the Axygen Cleanup Kit, and the expanded bands larger than those of the wt control band (parental band) were excised from the gel and purified using the Axygen DNA Extraction Kit. Purified PCR products were cloned into the T-vector (Takara, Dalian, China), following the manufacturer's instructions. Subsequently, the ligation products were transformed into E. coli DH5␣ cells. Plasmids from single colonies were purified and sequenced at Qingke (Wuhan, China).
RESULTS
Essential cas genes for de novo spacer acquisition in the Sulfolobus Type I-A system
The crenarchaeon S. islandicus strain REY15A contains a I-A adaptation module consisting of csa1, cas1, cas2 and cas4 genes (45) ( Figure 1A) . Activation of these genes by the transcriptional regulator Csa3a triggers de novo spacer acquisition (19) . To investigate whether all four genes could be essential for spacer acquisition, each cas gene was deleted individually from E233S, the genetic host, yielding csa1, cas1, cas2 and cas4 mutants. The overexpression plasmid pCsa3a (19) was introduced into each mutant by electroporation, and the resulting transformants were employed to test de novo spacer acquisition by PCR. As shown in Figure 1B , which represents three independent spacer acquisition analyses, two extended bands were amplified from the proximal regions of the CRISPR loci in the wt::csa3a strain, indicative of the acquisition of new spacers. In contrast, no expanded bands were detected in csa1, cas1, cas2 and cas4 strains transformed with pCsa3a. These results indicated that all genes in this operon were essential for de novo spacer acquisition. In the Cascade complex of the Sulfolobus I-A system, Cas5, Cas7 and Csa5 are implicated in the binding of crRNAs that recognize cognate target DNAs by sequence complementarity (46) . Their functions in DNA interference have been demonstrated by genetic analyses of S. islandicus csa5, cas5 and cas7 mutants (39) . Here, their possible roles in de novo spacer acquisition were investigated by overexpression of csa3a gene in each mutant. As shown in Figure 1B , the intensities of the expanded bands were weaker than those obtained with S. islandicus wt::csa3a cells, indicating that the Cascade genes were not essential for spacer acquisition, but might influence spacer acquisition efficiency. Cascade complex along with Csa3b regulator, were found to bind to the promoter sequence of interference and processing cas genes in Sulfolobus (37) and repressed their expression. Deletion of Cascade genes would de-represses the expression of interference genes (cas3 and cas3HD) and cas6 gene, which thereby may enhance DNA targeting activity, resulting in a weaker expanded band.
Host genome sampling by the Sulfolobus Type I-A adaptation module
Two mutants, cas6 and cas3cmr2αcmr2β, which lack DNA-interference activity due to the loss of CRISPR RNA-processing or nuclease activity (39), were also tested for Csa3a-activated spacer acquisition. We found that both mutants were highly active in promoting spacer acquisition since large quantities of expanded bands ranging from 1-4 or more inserted repeat-spacer units were detected in each mutant ( Figure 1B) . The PCR products, including the expanded bands and parental band, were purified and cloned into the T-vector and transformed into E. coli DH5␣ cells. Single E. coli colonies were used for sequencing their PCR inserts on plasmids. It was found that >70% of PCR clones carried new spacers with 1-6 de novo repeat-spacer units, whereas the remaining <30% did not possess any new spacers for each mutant strain (Table 1) . Notably, >72% of new spacers were derived from the host genomic DNA whereas <28% originated from the plasmid DNA in these mutants. In contrast, we previously found that >90% of adapted spacers were derived from plasmid DNA in the wt::csa3a strain (19) . Collectively, these results indicated that the Sulfolobus Type I-A adaptation module acquired spacers from both genomic and plasmid DNA. In the wt cells with new spacers obtained from genomic DNA, Type I-A and/or Type III-B interference complexes cleaved host DNA, resulting in the loss of these cells. However, in cas6 and cas3cmr2αcmr2β strains, inactivation of DNA interference activity enabled the cells to acquire additional spacers from both plasmid and chromosomal DNA. Furthermore, in S. islandicus cas3 and cas3HD deletion mutants, Csa3a-activated spacer acquisition efficiency did not change (Figure 1B) , and this could be due to self-targeting by the type III systems which eliminated cells of cas3 and casHD deletion mutants carrying host-derived spacers.
Overexpression of Csa3a inhibited cell growth
Cas1 plays crucial roles in spacer acquisition (14, 24, 47) , and CRISPR nucleases eliminate cognate target DNA complementary to spacer sequences (9, 45, 48, 49) . Therefore, deletion of the cas1 gene results in the loss of spacer acquisition, while deletion of CRISPR nuclease genes results in the accumulation of cells with new adapted spacers. To test the effect of CRISPR spacer acquisition on Sulfolobus cell growth, we compared growth curves of the Sulfolobus wt, cas1, and interference-deficient cas3cmr2αcmr2β strains carrying the pSeSD control plasmid or pCsa3a in sucrose medium. As shown in Figure 2 , all strains carrying the pSeSD vector grew faster than those carrying the csa3a-overexpression plasmid, indicating that overexpression of the csa3a gene may regulate a series of genes involved in CRISPR spacer acquisition and hinder cell growth. It was recently reported that genes in the interference cas and cmr cassettes are expressed to a moderate level in uninfected Sulfolobus cells (29) . Interestingly, the interferencedeficient mutant carrying pSeSD grew faster than two other strains carrying the same empty vector (Figure 2 ), suggesting that the moderate, un-induced level of expression of interference nucleases could inhibit Sulfolobus cell growth. Surprisingly, the cas3cmr2αcmr2β and wt strains carrying the pCsa3a plasmid showed the same growth curves (Figure 2 ), although the cas3cmr2αcmr2β strain carrying the pCsa3a adapted new spacers much more robustly than did the wt strain carrying pCsa3a ( Figure 1B) . In contrast, cas1::csa3a, a strain that could not acquire new spacers in the CRISPR arrays, grew more slowly than all other strains carrying the pCsa3a plasmid in inducible medium ( Figure  2 ). Taken together, these results indicated that Csa3a overexpression inhibits the growth of S. islandicus.
Transcriptome and proteome analyses revealed differential expression of genes
We found that overexpression of the csa3a gene triggered CRISPR de novo spacer acquisition and hindered cell growth. Therefore, we attempted to identify Csa3a-regulated genes at the genome level. We used S. islandicus wt, cas1 and cas3cmr2αcmr2β strains carrying the csa3a-overexpression plasmid or empty plasmid for transcriptome and proteome analyses. In the cas1::csa3a strain, although Csa3a can possibly regulate a series of genes, the spacer acquisition process is eliminated, while massive spacer acquisition occurred in the cas3cmr2αcmr2β::csa3a strain. In this manner, we could identify differentially expressed genes (DEGs) regulated by both the Csa3a regulator and the adaptation process (wt::csa3a vs. wt::p), as well as those that were only regulated by the Csa3a regulator ( cas1::csa3a vs. cas1::p) according to the transcriptome and proteome data. We could also identify DEGs regulated by both Csa3a and massive spacer acquisition processes ( cas3cmr2αcmr2β::3a vs.
cas3cmr2αcmr2β::p). Altered transcript or protein levels identified by transcriptome and proteome analyses were summarized in Supplementary Tables S2 and S3 . These data revealed that the adaptation cas genes were significantly up-regulated in all csa3a-overexpression strains, compared to the control strains (Table 2) . Furthermore, Cmr4␤ protein was up-regulated in wt::csa3a and cas1::csa3a strains, while Cmr7 protein was up-regulated only in cas1::csa3a strain, based on the proteome analysis (Table 2 ). Because genes of the Cmr-␤ module clustered into an operon, the upregulation of cmr7 and cmr4β gene-coding proteins suggests that Csa3a may activate transcription of the whole operon, although other proteins encoded by the operon The numbers of protospacers matching the expression plasmid and genomic DNA, as well as the protospacers having an adjacent PAM sequences (5 -PAM-protospacer-3 ), are given. Percentages are included in brackets. Cells were cultured in SCVy non-inducible medium. *: data from reference (19) .
were not significantly up-regulated according to the proteome data. Up-regulation of DNA repair genes in S. islandicus strains upon csa3a overexpression were also identified (Table 2). The nurA nuclease (SiRe 0014) and herA helicase genes (SiRe 0064, SiRe 0095, and SiRe 1857) involved in DNA double-strand break repair were up-regulated in csa3a-overexpression strains compared to the control strains, based on the transcriptome and proteome data (Table 2). The genes (SiRe 0614 and SiRe 0615) encoding the DNA polymerase II (Dpo2) N-terminal and elongation subunits, which are involved in DNA repair, were significantly up-regulated in all csa3a-overexpression strains according to the transcriptome data (Table 2) . However, another DNA repair polymerase gene, DNA polymerase IV gene (dpo4), previously found to be up-regulated during virus-induced spacer acquisition (29), was not significantly up-regulated according to our data, except in the massive spacer-acquisition strain ( cas3cmr2αcmr2β::csa3a strain) ( Table 2) . Other transcripts or proteins that were significantly up-regulated by Csa3a, included genes encoding the nucleotidyltransferase domain of DNA polymerase beta (SiRe 0459), the chromosome-segregation protein (SMC)-related ATPase (SiRe 0649), SMC-related protein (SiRe 1142) and Cdc6-2 (SiRe 1231). Furthermore, the DNA damage-inducible general transcription activator TFB3 (50) was significantly up-regulated in the wt::csa3a and cas1::csa3a strains compared with the control strains, as revealed by the transcriptome and proteome analyses ( Table 2 ).
In addition, some host toxin and antitoxin genes, and transposase genes were up-regulated in csa3a-overexpression strains and may have contributed to the retarded cell growth (Table 2, Figure 2 ). These included VapB-type antitoxin (SiRe 0743), VapC-type toxin (SiRe 0744), IS110 family transposase (SiRe 0856), and IS607 family transposase (SiRe 2296) genes. The stress-response genes including the Dps family gene (SiRe 0453) and flagellar hook-associated gene were also significantly up-regulated by Csa3a in both the wt::csa3a and cas1::csa3a strains, compared with their respective control strains (Table 2) .
Taken together, we found that the DEGs in the wt::csa3a, cas1::csa3a and cas3cmr2αcmr2β::csa3a strains (relative to the respective control strains) were almost the same (Table 2 ). This result indicated that all differentially expressed cas genes or DNA repair genes studied were probably regulated by the Csa3a regulator. Therefore, Csa3a may act as a global regulator during CRISPR spacer acquisition.
Csa3a bound to the promoter sequences of up-regulated genes
We have shown that adaptation cas genes, DNA repair genes, and stress responsive protein-encoding genes were significantly up-regulated by the Csa3a activator according to the transcriptome and proteome data (Table 2) . Previously, we showed that the Csa3a regulator bound to an imperfect palindromic sequence immediately upstream of the promoters of adaptation genes (19) . Therefore, we wondered whether other promoters of Csa3a upregulated genes had similar Csa3a-binding sites. Promoter sequences of the up-regulated DNA repair-related genes were retrieved from the genome sequence (51) and analysed by multiple-sequence alignments. We found several promoters carrying one or two DNA motifs that were very similar to the Csa3a-binding site in the csa1 promoter ( Figure 3A) , including the promoters of the nurAmre11-rad50-herA (SiRe 0064, SiRe 0063, SiRe 0062 and SiRe 0061), nurA-herA (SiRe 0094 and SiRe 0095) and dpo2N-dpo2E (SiRe 0614 and SiRe 0615) operons; the dpo4 and tfb3 genes; and 2 SMC-like protein genes (SiRe 0649, and SiRe 1142). Although the SiRe 0094 (NurA) protein was not significantly up-regulated by Csa3a according to the proteome data, the HerA protein encoded by SiRe 0095 gene which clustered in the nurA-herA (SiRe 0094 and SiRe 0095) operon was significantly upregulated in cas1::csa3a strain (Table 2 ). Therefore, we analysed the SiRe 0094 (nurA) promoter, which controlled transcription of the operon. Each of the nurA-herA, dpo2/4 and smc genes was previously confirmed or proposed to be involved in DNA repair (52) (53) (54) (55) , suggesting that these DNA repair genes might play an important role in Csa3a-mediated de novo spacer acquisition. To investigate whether Csa3a directly bound the DNA motifs shown in Figure 3A , DNA fragments of the SiRe 0064 (herA), SiRe 0094 (nurA), SiRe 0614 (dpo2) and SiRe 0649 (smc) promoters were used as the probes for EMSA experiments. We first tested the Csa3a-binding ability with the full-length promoters of the herA-nurA operon involved in DNA double-strand break repair. The SiRe 0064 (herA) gene promoter contained 1 putative Csa3a-binding site. The signal intensity of the retarded band increased in parallel with increasing Csa3a amounts in the EMSA experiment, using the full-length SiRe 0064 (herA) promoter DNA as the labelled probe (P1 probe, nucleotide positions -98 to -1, relative to the translation start codon), and the signal of retarded band was completely abolished in the presence of 2-and 4-fold excess of unlabelled specific competitor DNA (cold probe) ( Figure  3B ). Importantly, deleting half of the predicted site completely abolished the ability of Csa3a to bind the truncated promoter DNA (P2 probe in Figure 3B ), indicating that the destroyed motif was crucial for Csa3a binding to the SiRe 0064 (herA) gene promoter. Two Csa3a-binding sites were identified in the other selected promoters ( Figure 3C-E) . The signal intensity of a sharp retarded band enhanced, and a second smear shift appeared with increased Csa3a amounts using the full-length SiRe 0094 (nurA), SiRe 0614 (dpo2) and SiRe 0649 (smc) promoters as probes ( Figure 3C-E) . Moreover, increasing the amount of cold probes (2-and 4-fold excess) selectively reduced the signal intensity of the retarded bands ( Figure 3C-E) . To narrow down the Csa3a-binding regions, truncated promoter sequences carrying both predictive Csa3a-binding sites were used as probes for the EMSA experiments. Two sharp shifts were identified using labelled SiRe 0094 (nurA) P2 probe and SiRe 0614 (dpo2) P2 probe, while 1 sharp re- B-E, EMSA analysis of Csa3a binding to the SiRe 0064 (herA) promoter, the SiRe 0649 (smc) promoter, SiRe 0094 (nurA) promoter, and the SiRe 0614 (dpo2) promoter. Wt and mutation probes used for EMSA analysis are shown. The putative Csa3a-binding sites are shown in blue boxes. The numbers indicate the nucleotide position relative to the translation start site. The EMSA experiments were conducted using fluorescent wt and mutation probes (10 ng/l) with Csa3a regulator (10 and 20 ng/l or 10, 20 and 40 ng/l for increasing amounts of Csa3a; and 40 ng/l for the single Csa3a concentration; 10 ng/l = 0.4 pmol/l) or unlabelled cold probes (2-and 4-fold excess for the full-length promoter probes, and 1-and 2-fold excess or 1-, 2-and 4-fold excess for the truncated promoter probes).
tarded band was found using labelled SiRe 0649 (smc) P2 probe ( Figure 3C-E) . The signal intensity of the retarded bands was enhanced with increasing Csa3a amounts; while increasing the amount of cold probes selectively reduced the signal intensity of the retarded bands ( Figure 3C-E) . These results restricted the Csa3a-binding region to between nucleotides -136 and -52 for the SiRe 0094 (nurA) promoter, nucleotides -240 and -145 for the SiRe 0614 (dpo2) promoter, and between nucleotides -225 and -72 for the SiRe 0649 (smc) promoter. We further made deletion mutations of the SiRe 0094 (nurA), SiRe 0614 (dpo2) and SiRe 0649 (smc) promoters ( Figure 3C-E) . In these EMSA experiments, a very weak shift was identified using the SiRe 0649 (smc) P3 probe ( Figure 3E ), while no retarded bands were detected using SiRe 0094 (nurA) and SiRe 0614 (dpo2) promoter P3 probes ( Figure 3C and D) , indicating that the deleted motifs are crucial for Csa3a binding. Furthermore, a strong shift was identified in the EMSA exper-iment using the SiRe 0094 (nurA) P4 probe containing the second putative DNA motif as a probe, and the signal intensity of this shift decreased with increasing amounts of the cold probe ( Figure 3C ). However, no retarded bands were identified in the EMSA experiments using the probes for the SiRe 0614 (dpo2) and SiRe 0649 (smc) promoters carrying only 1 predicted Csa3a-binding site (data not shown). These data indicated that the Csa3a-binding pattern of the SiRe 0614 (dpo2) and SiRe 0649 (smc) promoters was similar to that of the cas1 promoter: both sites on the promoters were crucial for Csa3a binding, and only one site was insufficient to form a stable complex with the Csa3a regulator (19) . Taking the EMSA results and the transcriptome and proteome data together, these results indicated that Csa3a specifically bound the upstream activation motifs of the tested DNA repair gene promoters and activated their transcription.
Csa3a activated CRISPR transcription by binding to a site in the leader sequence
Previously, we found that the Csa3a regulator activated transcription of the adaptation cas genes, thereby triggering CRISPR de novo spacer acquisition in the S. islandicus REY15A strain (19) . Interestingly, significantly up-regulated transcription of CRISPR RNAs for spacer regions 69-86 in locus 1, and 51-60 and 62-72 in locus 2 were detected in the wt::csa3a, cas1::csa3a and cas3cmr2αcmr2β::csa3a strains (Table 3 , Figure 4A ). In addition, significant up-regulation of CRISPR RNAs for the spacer regions 16-23, 35-39, 40, 43-50, 52-67, 88-106 and 108-111 in locus 1 and the spacer regions 1-50 and 73-85 in locus 2 were found in both the cas1::csa3a and cas3cmr2αcmr2β::csa3a strains, compared with their control strains carrying the empty pSeSD plasmid (Table 3 , Figure 4A) . These results indicated that the Csa3a regulator activated transcription of both CRISPR loci in S. islandicus, where the leader sequences are identical. We analysed the leader sequence and found that it contained two DNA motifs similar to the Csa3a-binding site in the csa1 promoter. The DNA motifs were located at nucleotide regions between -130 and -103, and between -79 and -53 in the leader sequence, relative to the first repeat of the CRISPR arrays ( Figure 4B) .
EMSA experiments were then employed to study Csa3a binding to the leader sequence. A strong retarded band was found using the full-length leader (-186 to -1, relative to the first repeat) as the probe, and a second shifted band appeared with increasing amounts of the Csa3a protein ( Figure 4C ), suggesting that cooperative binding might occur between the two identified DNA motifs ( Figure 4B ). Moreover, increasing the amount of cold probe (6-or 12-fold excess) significantly reduced the signal intensity of the retarded bands ( Figure 4C ). These results indicated that Csa3a specifically bound to the full-length leader sequence in vitro. To narrow down the binding region of Csa3a on the leader sequence, two DNA elements carrying the predicted motifs at the regions between -145 and -87 and between -86 and -37, were used as probes to determine the Csa3a-binding ability. The DNA fragment (Probe 2, from -145 to -87) comprising the distal motif (-130 and -103) produced a strongly retarded band with Csa3a, while increasing the cold probe (2-, 6-or 12-fold excess) specifically reduced the signal intensity of the retarded band (Figure 4D) . In contrast, no such retarded band was detected when the other fragment (Probe 3, from -94 to -15) comprising the proximal motif (-79 and -53) was incubated with Csa3a ( Figure 4E ). These results indicated that the Csa3a-binding site was located within the region from -145 to -87, whereas the other DNA motif located in the region from -94 to -15 did not bind Csa3a under these experimental conditions (Figure 4D and E) . Based on the results obtained with Probe 2, we made further mutations at conserved nucleotides in the predicted distal motif compared with the Csa3a-binding site of the csa1 promoter, generating Probe 2 mut (P2mut). Using the P2mut probe in EMSA experiments, we found no such retarded bands ( Figure 4F ), indicating that the Csa3a activator specifically bound the distal motif on the leader sequence. Taken together, these data indicated that Csa3a specifically bound the leader sequence and activated CRISPR transcription. It was previously reported that the crRNA abundance determined the CRISPR-Cas interference efficiency (56) and that the overall crRNA abundance gradually declines from the leaderproximal end to the leader-distal end (57) . Therefore, we inferred that transcriptional activation of CRISPR RNA by Csa3a increased the DNA-targeting efficiency against invading viruses and plasmids in Sulfolobus.
DISCUSSION
Host DNA sampling in the Sulfolobus Type I-A system
Organisms of Sulfolobales are good models for studying CRISPR-Cas systems in Archaea, since a comprehensive array of genetic tools has been developed for several Sulfolobus species (58). In particular, seminar investigations of CRISPR-Cas mechanisms in S. solfataricus and S. islandicus have recently provided important insights into the adaptation process, the diverse modes of interference, and their modes of regulation (59) . The de novo spacer acquisition was first demonstrated for the Sulfolobus Type I-A system using a virus-infected system, and the activation of spacer acquisition coincided with a strong decrease in the growth rate (17, 18) . Recently, we found that a transcriptional regulator, Csa3a, bound the promoter regions of the csa1 and cas1 genes, activated transcription of the adaptation gene cassette, increased Cas protein levels, and overexpression of Csa3a triggers hyperactive uptake of de novo spacers, primarily from a Csa3a-overexpression vector (19) . In this study, we have demonstrated experimentally that Cas proteins essential for de novo spacer acquisition in the Sulfolobus subtype I-A system include Csa1, Cas1, Cas2, and Cas4. This requirement differs from that of the E. coli subtype I-E system where only Cas1 and Cas2 are required for efficient spacer acquisition (14) . We have further revealed that, in the absence of DNA interference, the Sulfolobus Type I-A system acquires spacers from both invasive genetic elements (∼25%) and chromosomal DNA (∼75%). These results are in contrast to our previous data obtained in the presence of interference modules, in which 93.1% of adapted spacers are derived from the overexpression plasmid (19) . These results indicated that almost all cells ac- quiring self DNA were destroyed by the CRISPR-Cas system, and no cooperative effect was observed between acquisition of multiple spacers and degradation of chromosomal DNA by the CRISPR-Cas systems. However, a positiveselection mechanism for acquiring invasive genetic elements was present. Although only ∼25% of the spacers were derived from plasmids, considering the size of the plasmid (∼9.0 kb) and its estimated copy number of 3-5, this represents a 14-36-fold enrichment for spacer acquisition from plasmids, compared with what is expected from the DNA content in Sulfolobus cells.
Direct regulation of DNA repair genes by the Csa3a activator
De novo CRISPR spacer acquisition is triggered by Cas1 and Cas2 overexpression in the E. coli Type I-E model system (14, 24) and by overexpression of Cas1, Cas2, Cas9 and Csn2 in the S. thermophilus (60) or S. pyogenes (61) Type II-A model systems. Furthermore, it was found that the DNArepair nuclease provided short DNA fragments for acquisition (62) . Indeed, it has been demonstrated in in vitro experiments that the E. coli Cas1-Cas2 complex is capable of integrating oligonucleotide DNA substrates into an acceptor DNA to yield products similar to those generated by retroviral integrases and transposases (63) . Therefore, it has been reasoned that, in addition to the adaptation Cas complex, CRISPR spacer acquisition should also requires a DNA-repair nuclease to produce short DNA fragments, a DNA polymerase, and a DNA ligase for gap-filling and nick ligation of the integration intermediate as for other known mechanisms of DNA processing. Recently, it was found that RecB and DNA polymerase I were important for de novo spacer acquisition in E. coli, implying that RecBCD generates short DNA fragments at replication forks for spacer acquisition and that DNA polymerase I fills in the DNA gaps during spacer integration (28) . But it remains to be investigated whether DNA-repair proteins are also required for CRISPR spacer acquisition in other model organisms.
In this study, transcriptome and proteome profiles have been generated for wt, cas1, and cas3cmr2αcmr2β strains carrying csa3a overexpression plasmid versus their control strains, and these analyses have led to the identification of Csa3a as a global regulator during CRISPR spacer acquisition in Sulfolobus. These results are correlated with data from a recent transcriptome study on virusinduced spacer acquisition in Sulfolobus, in which the expression of DNA repair genes, including DNA polymerase 2 and 4, DNA repair HerA helicase, and NurA nuclease protein-encoding genes, are induced (29) . Since archaeal NurA nucleases and HurA helicases functioned in homologous recombination together with Rad50 and Mre11 are involved in DNA double strand-break repair (52, 64) in analogy to the bacterial RecBCD (53), the archaeal enzymes may also be responsible for production of DNA intermediates for spacer acquisition as demonstrated in E. coli (28, 62) . Furthermore, it has been suggested that spacer acquisition being dependent on DNA replication in S. islandicus (18) and E. coli (62) , and this fits well with the upregulation of Type B DNA polymerase 2 (Dpo2) and the type Y DNA polymerase 4 (Dpo4), two DNA repair polymerases (54) , by Csa3a overexpression. Finally, the expression of TFB3, a DNA damage-inducible general transcriptional activator in Sulfolobus (50) is also activated, suggesting more complex mode of regulation could be involved in Csa3 regulation. More importantly, we found a conserved Csa3a regulator-binding site in the promoter sequences of up-regulated DNA repair genes ( Figure 3A ) and experimentally demonstrated that the Csa3a regulator specifically bound to these promoters in EMSA experiments ( Figure  3 ). Combining the transcriptome/proteome data and our earlier results (19) , we infer that Csa3a directly binds to the promoters of up-regulated DNA-repair genes and adaptation cas genes, sequentially activating their transcription and facilitating de novo CRISPR spacer acquisition in the Sulfolobus Type I-A system.
Conserved regulation model for spacer adaptation and CRISPR RNA transcription in the archaeal genus Sulfolobus
It has been shown that transcriptional-initiation and adaptation signals of CRISPR arrays are located within the leader sequence; however, there is very little knowledge of the structural motifs involved or their possible functions (65) . To analyse the regulatory models of spacer adaptation and CRISPR RNA transcription in different Sulfolobus species, we extracted the leader sequences from three S. islandicus strains (REY15A, HVE10/4, and LAL14/1), S. solfataricus P2, S. acidocaldarius DSM639 and S. tokodaii strain 7. Each S. islandicus strain has two identical leader sequences and HVE10/4 and LAL14/1 have two additional identical leader sequences. S. solfataricus P2 has five leader sequences and S. acidocaldarius DSM639 and S. tokodaii strain 7 have two leader sequences. The alignment results are shown in Figure 5A . Three leaders from S. islandicus are identical, and leader E from S. solfataricus P2 is identical to S. islandicus leaders in the region from -138 to -72, relative to the first repeat, indicating that these four leaders all carry the Csa3a-binding site ( Figure 5A ). Leader C and D from S. solfataricus P2 are identical and are very similar to the leaders of S. islandicus in the region from -152 to -80. However, leader 2 of S. islandicus HVE10/4 and LAL14/1, and leaders A and B from S. solfataricus P2 are nearly identical, but they seem to lack the conserved Csa3a-binding site ( Figure  5A ). The leaders of S. acidocaldarius DSM639 and S. tokodaii strain 7 also seem to lack the conserved Csa3a-binding site ( Figure 5A ). Adaptation cas genes are usually clustered in operons (66) . We further analysed the regulation models of the adaptation genes in the above-mentioned Sulfolobus strains. We found that S. islandicus strains, S. solfataricus P2, S. tokodaii strain 7, and S. acidocaldarius DSM639 encode an adaptation cas gene operon, arranged as csa1 (SiRe 0760, SiH 0409, SiL0397, Sso1451 and ST2633); the cas1, cas2 and cas4 genes; and the cas1-cas4-cas2 operon (Saci 1881 to Saci 1879), or a single cas1 gene (ST0026, Sso1405, SiL0612, SiH 0762 and Saci 2011). All promoters contain a Nucleic Acids Research, 2017, Vol. 45, No. 15 8989   ATTATGTTATTTCCTTCCGTATCCTTACGTAAAATGGTTTTAGGGTTACCCTGTGTAGCC  TATAAATGATACCCAATGTTTCAATTTAACATAAAATCCTTGCG---ACCAGAAATTGTT  TATAAATGATAGGGTGTATTTCAATTTAACATAAAATCCTTGCG---ACCAGAAATTGTT  TATAAATACACAACCATCTTTCAACTCTAGTTAAGCACCATGCG---ACCAAAAAACCTA  -TATAAACAACACTTTTAATTCAATTCTAGAGTTGAACAATGCG---ACCAAAAAAGGGA  GTATTTCTCTTTTTAGAATTCCCGTTTTTTCAAGGGAATACTAAAAATTCAGTAATGATA  --TTTATCAATGCCTTAAATGAGTTATTTTTTCCTTCCCCTTA--TTTCTTTCAATATTC  --TTTATCAATGGCTTAAATGAGTTATTTTTTCCTTCCCCTTATATTCCTTCACATATTC  CCTCAAATCATTACCTCCATGAAGAATACCTTATCCTCCCGGGCTTAGTAGGGATTGAAA  CCTCAAATCATTACCTCCATGAAGAATACCTTATCCTCCCGGGCTTAGTAGGGATTGAAA  CCTAAATTCATTATCTTTATGAAGAATTCCTTAAGATCCCGGGAAAACCCGGGAATAGTA  CCTAAATTCATTATCTTTATGAAGAATTCCTTAAGATCCCGGGAAAACCCGGGAATAGTA  CCTAAATTCATTATCTTTATGAAGAATTCCTTAAGATCCCGGGAAAACCCGGGAATAGTA  CCTAAATTCATTATCTTTATGAAGAATTCGTTAAAATCCCGGGAAAACCCGGGAATAGTA   TAAAACTCCCTTCCGC  AAATTAATTACAACTA  AAATTAATTACAACTA  AACACAATTACTAGGA  AAAGAAATTACTAGGA  AATATGTAACATAAAG  AATAGGATTCCCTTAA  AATAGGATCCCCTTAA  AAACTATAAAAAAAT-AAACTATAAAAAAAT-AAAAAGATAAGAAAGA  AAAAAGATAAGAAAGA  AAAAAGATAAGAAAGA  AAAAAGAGAACAAAAA   SacDSM639-L1 -163  SsoP2-LB  -162  SsoP2-LA  -161  SacDSM639-L2 - TATA box and AT-rich proximal promoter element (PPE) and transcription factor B-recognition elements (BREs) ( Figure 5B ). Three S. islandicus strains were found to have identical promoters for the adaptation gene operon (Figure 5B) . Significantly, all promoters controlling transcription of the csa1-cas1-cas2-cas4 or cas1-cas4-cas2 adaptation operons contained a conserved Csa3a-binding site ( Figure 5B ), while the single cas1 gene promoters have no conserved motif for Csa3a binding. In addition, all these organisms encode for a Csa3a protein. The Csa3a protein of S. tokodaii strain 7 (ST2633) and S. acidocaldarius (Saci 1876) showed very low similarity to the Csa3a proteins from S. islandicus and S. solfataricus (Supplementary Figure S1 ). ST2633 and Saci 1876 potentially recognized distinct DNA motifs present in their leader sequences and adaptation cas promoter, contributing to variation of the Csa3a-binding sites in these organisms ( Figure 5B ). These results suggest:
(1) S. islandicus, S. solfataricus and S. tokodaii strains employ the same regulation model for spacer acquisition and CRISPR transcription using the Csa3a activator and (2) the S. islandicus, S. solfataricus, and S. tokodaii strains have multiple CRISPR arrays that may have evolved to exploit both Csa3a and other regulation models. Importantly, all promoters carrying Csa3a-binding sites have a poorly conserved TATA box. Nucleotides G and C are present in these TATA box sequences, although they should be strictly excluded from a conserved TBP-binding site ( Figure 5B ). These results also suggest that these organisms may employ Csa3a to recruit TBP to the weak TATA boxes in the promoters of their adaptation-gene operons to activate transcription of these genes.
Transcriptional-regulation model for the Sulfolobus Type I-A CRISPR-Cas system
The bacterial CRISPR-Cas systems are well regulated to defend against invading viruses or plasmids. In E. coli K12, the heat-stable H-NS and CRP proteins were shown to repress the Type I-E CRISPR-Cas system (32, 35) . H-NSmediated repression of CRISPR-based immunity was relieved by LysR-type transcription factor LeuO (33), while in the P. atrosepticum Type I-F system, CRP activated CRISPR-Cas transcription (36) . However, the regulation of archaeal CRISPR-Cas systems is less well understood. By combining the results of our previous work (19) and those from He et al. (37) , we generated a transcriptional regulation model for the Sulfolobus Type I-A CRISPR-Cas system, as shown in Figure 6 . According to our model, in the absence of invading mobile genetic elements, the Sulfolobus Type I-A adaptation genes (csa1, cas1, cas2 and cas4) are silent, while CRISPR RNAs are transcribed and At this stage, the interference genes (cas5, cas7, csa5, cas3 and cas8) are transcribed and translated to form the Cascade complex. The Cascade complex, along with the Csa3b regulator binds to the promoter of interference genes, inhibiting their further transcription (37) . (B) In the presence of mobile genetic elements, the Csa3a regulator (induced by an unknown mechanism) activates transcription of the adaptation cas, nurA-herA nuclease-helicase, and DNArepair polymerase genes (step 1). Then, the NurA-HerA protein may generate short DNA fragments at the replication forks of mobile genetic elements (step 2), which are integrated into CRISPR arrays by the adaptation complex (step 3). The Csa3a regulator simultaneously binds to the CRISPR leader sequences (step 4) and significantly enhances CRISPR transcription and mature crRNA biogenesis (step 5). Upon invasion of genetic elements, the Cascade complex is released from interference cas gene promoter and transcription of interference cas genes is de-repressed (step 6). Finally, the Cascade complex binds crRNA to digest the genetic elements with cognate protospacers (step 7).
processed into mature crRNA at a low level. At this stage, the interference genes (cas5, cas7, csa5, cas3 and cas8) are expressed at a low level and form the Cascade complex. The Cascade complex, along with the Csa3b regulator binds to the promoter of interference genes, inhibiting their further transcription (37) . Upon invasion by mobile genetic elements, the Csa3a activator is induced by an unknown mechanism. Then, Csa3a directly binds the promoters of the adaptation cas gene, the nurA-herA nucleasehelicase genes, and DNA-repair polymerase genes to activate their transcription. The NurA-HerA complex may act as RecBCD (53) to generate short DNA fragments at the replication forks of mobile genetic elements (28,62), which are integrated into CRISPR arrays by the adaptation complex. The Csa3a regulator simultaneously binds to the CRISPR leader sequences and significantly enhances CRISPR transcription and biogenesis of mature crRNAs. Upon the invasion of genetic elements, the Cascade complex is released from the interference cas gene promoter and binds crRNA to digest genetic elements with cognate protospacers. In this model, a single regulator activates transcription of DNA repair genes, and adaptation cas genes and CRISPR RNAs of Type I-A CRISPR-Cas system to defend against invasive genetic elements in Sulfolobus.
